Aging is a complex, yet pervasive phenomenon in biology. As human cells steadily succumb to the deteriorating effects of aging, so too comes a host of age-related ailments such as neurodegenerative disorders, cardiovascular disease and cancer. Therefore, elucidation of the molecular networks that drive aging is of paramount importance to human health. Progress toward this goal has been aided by studies from simple model organisms such as Saccharomyces cerevisiae. While work in budding yeast has already revealed much about the basic biology of aging as well as a number of evolutionarily conserved pathways involved in this process, recent technological advances are poised to greatly expand our knowledge of aging in this simple eukaryote. Here, we review the latest developments in microfluidics, single-cell analysis and high-throughput technologies for studying single-cell replicative aging in S. cerevisiae. We detail the challenges each of these methods addresses as well as the unique insights into aging that each has provided. We conclude with a discussion of potential future applications of these techniques as well as the importance of single-cell dynamics and quantitative biology approaches for understanding cell aging.
Introduction
Rapid technological advances over the past several decades have enabled an increasingly quantitative understanding of biological systems. Cutting-edge imaging [1] , sequencing [2, 3] , microfluidics [4] and genome editing [5, 6] methods are generating increasingly complex data sets that, when combined with the requisite quantitative analysis, are producing groundbreaking biological insights. One such area benefitting from these new developments is the field of geroscience, which seeks to understand the basic biological mechanisms of aging and apply this knowledge to treat human diseases and prolong healthy lifespan [7, 8] . While progress is being made by applying new experimental techniques to directly study aging in humans [9, 10] , conducting aging experiments in humans is difficult and in certain cases impossible. However, work from a variety of model eukaryotic organisms has revealed a number of evolutionarily conserved molecular processes that drive aging [11, 12] , which helps to point the way for future work in and therapies for humans. In particular, the use of the budding yeast Saccharomyces cerevisiae as a genetically tractable single-celled model system for studying aging has helped illuminate a number of important conserved pathways underlying aging [11e16] as well as potential interventions for mitigating its effects [17] .
Aging in S. cerevisiae is primarily studied in two modalities, chronological aging and replicative aging [18] . For chronological aging, cells are held in stationary phase, then periodically tested for their capacity to resume division when the stationary-inducing conditions are relieved. The time in which the cells can successfully survive in stationary is defined as their chronological lifespan (CLS) [18] . In contrast, replicative aging is defined by the number of daughter cells that can be produced by a single mother cell before it stops reproducing and dies, termed as replicative lifespan (RLS) [18, 19] . Because replicative aging occurs on a timescale of days rather than weeks, it has the potential of seamlessly interfacing with microfluidic devices and time-lapse fluorescence microscopy, widely used tools for studying dynamic biological processes in realtime [20, 21] . However, until the last seven years, the field of yeast replicative aging relied on microdissection [19, 22] as the only tool for RLS measurements. For this method, an experimenter uses a micromanipulator to separate mother and daughter cells growing on an agar pad under a microscope, thereby keeping track of and recording the number of divisions of each mother cell for RLS analysis [22] . Although microdissection has provided valuable knowledge about lifespans under various genetic and environmental conditions, its manual nature results in a number of drawbacks, including its tedium and the inability to dynamically modify the growth environment. An additional significant drawback of this technique is that the thick agar pad on which the cells grow prevents high-quality time-lapse fluorescence microscopy from being conducted [23, 24] . Consequently, dynamic and quantitative single-cell measurements cannot be performed, which greatly impedes understanding of the genetic regulatory networks governing the cell aging process, which are dynamic by their very nature. To circumvent these shortcomings, new technologies and methods have been developed in recent years that offer alternatives to the microdissection approach.
Here we review the recent advances in studying yeast replicative aging using microfluidics, time-lapse fluorescent microscopy, computational modeling and high-throughput technologies. We cover recent studies utilizing each technique and discuss the unique insights provided by these approaches compared to traditional methods. Taken together, these advances provide novel insights and challenges for the field of yeast aging and suggest important and creative new avenues for applying this research to higher organisms. We conclude by discussing open questions and new directions raised by these approaches in this field that is ripe for new findings.
Microfluidic devices
To address the drawbacks of the traditional microdissection method, various polydimethylsiloxane (PDMS) based microfluidic devices have been developed. These devices automate motherdaughter separation during aging and allow RLS measurements to be interfaced with time-lapse fluorescence microscopy. These technologies have provided an unparalleled look at the aging process in single yeast cells by allowing the dynamics of various molecular and cellular processes to be tracked and quantified. The construction and design of such devices, however, is challenging, and microfluidic platforms capable of tracking large numbers of single mother cells throughout their lifespans require new features not necessary in the design of devices for more short-term cell tracking [25e29]. In this section, we discuss the design strategies that enable microfluidics to be applied to yeast replicative aging.
Design constraints for a yeast aging microfluidic device
One of the first considerations to have in designing microfluidics for yeast aging is the operation time of the device. An often noted feature of replicative aging is the wide distribution of lifespans one obtains from a population [19, 30] , with reported RLS values for long-lived wild-type (WT) cells from microdissection studies [19, 22] exceeding 40 divisions. As the population doubling time for yeast is about 90 min [31] , 40 divisions for single cells equates to approximately two and a half days. Considering that certain longlived mutants can divide 60 or more times [32] , it is clear that a successful microfluidic device must be able to trap mother cells for more than 4 days. Indeed, these long operation times for RLS studies result in another problem: the accumulation of a large number of daughter cells in the device. If not rapidly removed, the cells can dislodge mother cells, interfere with automated cell tracking or clog the device. Finally, the mechanisms used to trap mother cells must not stress the cells and RLS measurements should be comparable to microdissection studies. Taking these issues into account, a number of yeast aging microfluidic devices have been successfully designed ( Fig. 1A) , with lifespan measurements being validated in WT cells and various longevity mutants [23,24,33e39] . While each device design has its own unique features that allow it to fulfill the aforementioned criteria, the currently available microfluidic devices employ some common strategies to load and trap mother cells. Before detailing the particularities of each yeast aging microfluidic device, we describe these shared mechanisms in order to properly contextualize the motivations behind each design.
Physical mechanisms for loading and trapping mother cells
There are a plethora of methods for trapping single cells in microfluidic chambers. However, for replicative aging applications, the asymmetric nature of yeast division [40] , wherein for most of their lifespans, mother cells give rise to daughters that are smaller than themselves [41] , favors three primary strategies for loading cells into the trapping regions and retaining mother cells throughout their entire lifespans, as well as removing daughter cells: contact-based mechanical trapping, geometric confinement and hydrodynamic trapping. Contact-based mechanical trapping entails immobilization of cells from above, that is, between the PDMS ceiling of the microfluidic device and the glass slide. Using this approach, trapping regions smaller than or approximately the same size as a typical yeast diameter are used to push down on cells and hold them in place. Loading cells requires the ceilings or heights of these traps be raised, so that cells can actually get into the trapping regions. This is done by increasing the pressure at both the inlet and outlet of the device to generate hydrostatic pressure that raises the height of the ceiling, allowing cells to pass under the trapping areas [23, 33] (Fig. 1B, left) . Release of the pressure by allowing flow toward the waste port lowers the ceiling back down, immobilizing cells and trapping them [23, 33] (Fig. 1B, right ). Since daughter cells are smaller than their mothers, they are not as restrained by the low ceilings and can more easily escape from the trap and flow toward the waste port.
As an alternative to contact-based mechanical trapping, most recently published microfluidic devices utilize a physical mechanism known as hydrodynamic trapping. In the context of this review, hydrodynamic trapping can be defined as a technique for capturing and immobilizing cells against structures in a microfluidic device by exploiting the hydraulic forces that act on particles in a fluid [42e47]. Hydrodynamic trapping enables a number of desirable features for yeast aging microfluidic devices such as trapping areas with ceilings taller than the diameter of a typical yeast cell (i.e. > 4 mm). For devices of this kind, microstructures are positioned along the flow path to capture and immobilize cells. Because loading of cell traps increases the fluidic resistance along that path, this increases the flow through adjacent empty traps, which facilitates cell loading. From this point, mother cells can be obtained from daughters that enter isolated trapping regions that geometrically confines their movement (Fig. 1C ) or directly from the immobilized cells that are trapped ( Fig. 1D ). With the physical principles used by different microfluidic devices for loading and trapping mother cells during their entire lifespans in hand, we now turn to a discussion of the design layouts of various devices.
Microfluidic design layouts
Three of the earliest published microfluidic devices for yeast aging relied on contact-based mechanical trapping of mother cells. This was accomplished via vertical micropads [23, 33] or dead-end microcavities [34] (Fig. 1A , top row). The device reported by Zhang et al. [33] was an improvement on an original device developed by this group that used chemical modification of the glass coverslip and cell wall as part of its trapping mechanism [24] . The use of vertical micropads to trap cells allowed them to jettison this requirement. In the designs by Lee et al. [23] and Zhang et al. [33] , the vertical micropad traps are positioned within an "open room" that is much taller than the height of the traps (for example, 15 mm in the device by Lee et al. [23] ) in which media flows. The cross-sectional area of these traps is large enough to accommodate multiple mother cells under a single micropad. For the design by Fehrmann et al. [34] , media channels 40 mm tall flank 3.3 mm trapping areas with dead-end cavities. Here, cells grow to fill the trapping area until a newborn cell reaches the end of the cavity where it is subsequently tracked as a mother cell for RLS analysis. While lifespan measurements of these devices produced similar results to those obtained with microdissection, the trapping methods for these devices are relatively inefficient. For designs relying on contact-based mechanical trapping, it can be difficult to retain mother cells over their entire replicative lifespans. It is also difficult to control the number of cells trapped in the case of the vertical micropad designs [23, 33] , or the timing at which cells reach the end of the cavities [34] . For example, in the micropad designs [23, 33] larger daughter cells or cells washing down from upstream can be caught under a single micropad and dislodge mother cells from the trapping regions. Similarly, the dead-end microcavities design [34] relies on mother cells budding in a single direction for the entire course of their lifespan and a single polarity switch can remove the mother from the trap. Further, the contact-based mechanical trapping employed by these devices may not be suitable for various longevity mutants that could have altered cell size compared to wild-type cells.
With devices from Lee et al. [23] , Zhang et al. [33] and Fehrmann et al. [34] paving the way for applications of microfluidics to yeast replicative aging, a new generation of devices was developed that built upon and extended these foundational technologies. As previously mentioned, these devices use hydrodynamic trapping and/ or geometric confinement for loading and retaining mother cells in the traps throughout their entire lifespans. An example of a device [23,33e39] . (B) Example of loading in a device relying on contact-based mechanical trapping, where hydrostatic pressure is used to raise the height of the micropad traps (left). Releasing pressure by allowing fluid flow to the waste port lowers the height of the micropads once more and traps cells underneath them [23, 33] . (C) Devices that use hydrodynamic trapping to guide cells to the outside of the jails [37] . Cells can produce a daughter cell through the openings in the jail (left). The cell that enters the jail is geometrically confined, and is analyzed as the mother cell for RLS experiments [37, 39] . (D) Loading of microchannel traps [38] that uses both hydrodynamic trapping and geometric confinement for operation is the three-bar "jail" design [26] that was optimized to trap single cells for replicative aging experiments by Liu et al. [37] (Fig. 1A , middle right). In this device, cells are guided toward the openings between two of the bars by the fluid flow, eventually producing a bud that enters the jail. Once there it is tracked as the mother cell. The 5.3 mm tall PDMS bars spanning the entire space between the ceiling of the device and the glass slide spatially confine each mother cell while also allowing for increases in cell size that accompany aging [48] . Buds can be produced out of three openings in the jail small enough for daughters to pass through and periodic pulses of high velocity flow are used to aid in daughter cell removal. A variation of this design was created to analyze aging in diploid cells, where a two-bar jail structure was created which functions using the same basic principles as the three-bar jail [39] .
Another set of devices more fully rely on hydrodynamic trapping for proper device operation. Here, traps consist of arrays of cup shaped two-bar traps [35, 36] or open-ended microchannels [38] . Devices developed by Crane et al. [35] and Jo et al. [36] are single layer devices where traps are positioned parallel to the direction of flow in an open room layout similar to devices using vertical micropads [23, 33] . The device developed by Li et al. [38] consists of two layers, with 20 mm tall media channels positioned perpendicular to the 4.3 mm cell traps. In each design, traps feature small 3 mm openings that provide a docking site for mother cells, preventing their movement beyond this point while allowing passage of budding daughters. Furthermore, these openings allow for constant fluid flow through the trap, which provides the hydrodynamic force needed to secure mother cells over the course of their entire replicative lifespans. With openings on each side of the trap, mothers are able to produce buds in either direction, which are eventually washed away by the media flow. The use of hydrodynamic trapping allows the ceilings of the trapping regions to be taller than the height of the cells [35, 36, 38] . Along with the wider width of these traps compared to that of the cells, these designs allow room for increases in cell size during aging. Importantly, the use of hydrodynamic trapping enables very efficient loading [36, 38] and also robust retention rates of mother cells [35, 36, 38 ].
Unique device features
Due to the different design layouts of each, there are a number of unique capabilities for the aforementioned microfluidic devices. A feature exclusive to the devices with dead-end microcavities [34] and jail structures [37, 39] is the requirement of newborn daughter cells to load their traps. As a result, RLS analysis begins with virgin cells that have not yet divided, yielding exact lifespan measurement for all analyzed cells. Although undoubtedly useful, given that populations are disproportionally composed by young cells, with only 12.5% of cells expected to be older than two generations [49, 50] , this feature is not an absolute necessity for obtaining accurate RLS measurements for WT cells or longevity mutants. In regards to lifespan measurements of large numbers of cells (500 or more) or multiple strains in a single experiment, the device by Jo et al. [36] is particularly suited for such applications. Another feature that is unique to devices using microcavities [34] , micropads [23, 33] and microchannels [38] as traps is the ability to visualize daughter cells for some time without them being immediately washed away. For example, daughter cells, especially of old mothers, can be maintained under micropads for some time before removal. Similarly, for the microchannels used by Li et al. [38] daughters born toward the entrance of the microchannel can be retained for some time. Although removal of daughter cells is critical to prevent device clogging and for later image analysis and tracking of mothers, the daughter cells are a potential valuable source of data. Monolayer open room style devices [35e37,39] are designed to immediately remove all daughters from the field of view and therefore sacrifice the possibility of obtaining daughter cell information. In particular, the micropad design by Zhang et al. [33] and microchannel design by Li et al. [38] have been leveraged to analyze daughter cell gene expression [51] and cell morphology [38, 52] . Finally, devices by Crane et al. [35] and Li et al. [38] allow media switches to be performed. This enables dynamic modifications of the cellular environment in the form of chemical perturbations or changes to the nutrient conditions. For more technical details about the design, validation and testing of many of the microfluidic devices described here, we refer the interested reader to a recent thorough review on this topic [53] .
Quantitative single-cell analysis
The advent of microfluidic technologies as a tool for determining replicative lifespan in S. cerevisiae, combined with time-lapse fluorescence microscopy, has ushered in a new era of yeast aging research in which quantitative, real-time measurements of molecular processes during aging can be obtained at single-cell resolution ( Fig. 2A ). With the ability to collect data of this kind, the replicative aging process is now amenable to probing a myriad of new questions regarding the dynamics and cell-to-cell variability of gene expression, transcription factor localization, chromatin silencing, cellular morphology, organelle morphology, intracellular noise and more. Answering questions such as these is critical for developing a complete understanding of cell aging. However, the complexities of this task require sophisticated methods for analyzing and interpreting single-cell data. In this section, we consider several recent studies in which measurements of dynamic biological processes at the single-cell level obtained with microfluidic platforms have provided novel insights into yeast aging. We especially highlight those that have combined these single-cell data with computational modeling in order to form a quantitative understanding of the dynamics at play.
Terminal cell morphologies
A persistent finding amongst microdissection studies of yeast aging has been the existence of two different cell states at death. In one state mother cells die with a bud still attached and in the second, cells die without a bud [54e58]. Further distinctions have been made, including of cells dying with small buds and those dying with large buds that were difficult to separate from the mother [55, 58] . Genetic mutations influence the percentage of cells that die in either state, suggesting that different molecular mechanisms may lie at their origin [55e57]. Subsequent studies using high-resolution, continuous monitoring of cellular morphology in microfluidic devices extended these initial observations to reveal that cells have multiple ways of aging, not a single, pre-determined pattern.
Evidence supporting this notion included the observation of distinct terminal cell morphologies, where Xie et al. [24] and Lee et al. [23] both noted two types of cell death, one with elongated and one with spherical mother morphology. Additionally, Lee et al. [23] noted that mother cells that become elongated at death usually produced ellipsoidal daughters late in life. These two death types displayed differences in cellular stress levels as well as in vacuolar and mitochondrial damage [23, 24] . Interestingly, both groups found that cells of the elongated morphology had longer lifespans than cells that remained spherical [23, 24] . Ensuing work from other groups using different microfluidic devices also found that some cells could produce either round or elongated buds late or at the end of their RLSs [36, 38] . However the mechanisms that underlie these phenotypes are not fully known. While Xie et al. [24] noted mitochondrial damage in the cohort of cells dying with spherical morphologies, work by Fehrmann et al. [34] ewhich also noted two kinds of terminal states, cells that lost mitochondrial membrane potential and those that did notesuggested that loss of mitochondrial membrane potential was not linked to cell aging. Thus, future single-cell studies are needed to better understand the molecular determinants of these different terminal cell states.
Taken together, multiple, independent studies, using both microdissection and microfluidics, have documented the existence of different terminal cell morphologies in yeast. Albeit using different language and terms to describe their results, these reports ostensibly point to a common phenomenon, as work using the microdissection method [54, 55, 58] and different microfluidic devices [23, 36, 38] has detailed end state cell morphologies with small and large buds. Recent analyses using time-lapse microscopy and microfluidics have shed light on these observations and in the process have linked these terminal death types to canonical molecular processes involved in yeast aging that are discussed below.
Divergent aging trajectories
The ability to combine time-lapse microscopy with microfluidics allowed Jin et al. [52] in a recent study to quantitatively characterize cellular morphology during aging. The heterogeneity in terminal cell morphologies of yeast, as mentioned in the previous section, had been noted as early as the 1960s [54] . Using microfluidics and quantitative single-cell measurements, Jin et al.
[52], discovered four different morphological states that corresponded to two divergent aging paths in single yeast cells (Fig. 2B) . These cell states were determined by quantitative morphological measurements of mother-daughter pairs during aging, facilitated by using the microchannel traps developed by Li et al. [38] . The first state corresponded to a ground state in which both mothers and daughters had uniform and round shapes early during the lifespan of the mother. After their first few divisions, a second possible phenotypic state was found in which some mothers could transiently produce elongated daughters before switching back to producing daughters of the ground state. The final two states described mother-daughter morphologies toward the very end of the mothers' lifespans, where the previously noted elongated and round but small daughters were observed [38] . These final two states were nearly mutually exclusive in WT cells [52] .
These aging dynamics were investigated with a non-Markovian state transition model in which cells transition stochastically between distinct phenotypic states with different probabilities. It was found that the intermittent morphological state consisting of elongated daughters produced early in life biased cells toward the aging path that culminated with elongated buds at the very end of the mothers' RLSs. In addition, the model revealed historydependence in the state transitions during aging, which further reinforced the divergence of the two aging paths [52] . Subsequent experiments using genetic and environmental perturbations demonstrated that the propensity of cells to commit to either of the two divergent aging paths is tunable; Sir2p is involved in repressing the aging path with elongated daughters, whereas calorie restriction promotes a switch to this path [52] .
The non-Markovian model developed by Jin et al.
[52] provided crucial insights into the kinetics, history-dependence and potential divergence of single-cell aging dynamics. One advantage of this type of state transition model is that by revealing whether certain state transitions are allowed or forbidden, the inferred transition probabilities can provide insights and aid in systematically characterizing applied perturbations into the cell-state dynamics [84] found a reduction of gene expression noise during aging as determined by the declining Fano factor (variance divided by the mean) from single-cell measurements of P GAL1 -YFP expression. In the cartoon figure, black circles represent single-cell values at various ages and the yellow line represents the mean Fano factor of all cells at that age [84] . As done by Liu et al. [84] , this cartoon plot omits P GAL1 -YFP measurements from the final four divisions of each cell, where Liu et al. [84] found that gene expression noise sharply increased. (F) Stochastic modeling of chromatin transitions between open and closed conformations at different rates or probabilities (p ij and p ji ) at heterochromatin regions [38] and of local chromatin remodeling [84] has provided biological insight for follow-up experiments. (Figure adapted during the entire aging timescale. The model's ability to predict the dynamics of phenotypic state changes does not require specific assumptions about the molecular mechanisms that generate these states, which is a useful feature when such mechanisms are unknown.
Chromatin silencing dynamics
Early on, studies using the microdissection method implicated the HM silent mating-type loci and the rDNA in yeast aging, two regions of the yeast genome subject to chromatin silencing via the histone-deacetylase Sir2, a major regulator of chromatin silencing in yeast [59e61]. The sterility and insensitivity of old cells to pheromone [62] was attributed to loss of chromatin silencing at the HML and HMR mating loci [49] . Similarly, the accumulation of extrachromosomal rDNA circles (ERCs), autonomously replicating units of circular DNA, formed by spontaneous excision from the highly repetitive rDNA region on chromosome XII, were linked to aging as a toxic product that accumulates in mother cells and eventually leads to cell death [63] . Further, silencing loss at the rDNA locus has been attributed to increased homologous recombination amongst the 100e200 tandem repeats within this region, with the resulting instability also seeming to negatively affect lifespan [64e66]. Given the apparent importance of chromatin maintenance at these loci, recent reports using microfluidics have focused on silencing dynamics at these regions during aging.
To investigate the silencing of HML and HMR loci and ageinduced sterility at the single-cell level, Schlissel et al. [67] combined microfluidic analysis with a novel Cre-recombinase based reporter [68] which drove the expression of a red fluorescent protein (RFP) when HML was in a heterochromatic (i.e. silenced) state and a green fluorescent protein (GFP) when chromatin silencing was lost. Contrary to previous findings [49] , the authors surprisingly found that loss of chromatin silencing was exceedingly rare at the HM loci, with Sir2 activity not declining with age [67] . Results from more than 1500 single cells showed that heterochromatic silencing was lost in less than 1% of cells and was seemingly unrelated to cell age (Fig. 2C) [67] . To explain the inability of old cells to respond to pheromone and mate, the authors found that aggregation of Whi3, an RNA binding protein involved in the mating response and cell division [69] , was responsible for sterility in aged cells [67] .
Examining the chromatin silencing dynamics at the rDNA region in single cells growing in a microfluidic device also yielded new insights into the regulation of heterochromatin during aging. By inserting a constitutively expressed GFP into non-transcribed spacer region 1 (NTS1) of the rDNA, Li et al. [38] were able to monitor changes in chromatin silencing at this locus. Unlike the strong silencing found by Schlissel et al. [67] at the HM loci, Li et al. [38] found that the rDNA region exhibited sporadic pulses of silencing loss during the early phases of aging. Further analysis revealed that about half of the cells displayed sustained silencing loss toward the end of their lifespan, which ultimately lead to cell death. The other half of cells did not display these dynamics, with the GFP silencing reporter remaining low even very late in their lifespan. In addition, silencing loss during aging was associated with production of elongated daughters (Fig. 2D) . Because of the exquisite chromatin silencing dynamics of the rDNA region, the authors then developed a mathematical model to gain further insight into this process.
In order to translate their experimental findings into a computational framework, Li et al. [38] developed a phenomenological model of aging that included stochastic state transitions between silenced and unsilenced chromatin states (Fig. 2F) . The model included a damage factor that accumulated in the unsilenced state, with the likelihood of cell death being proportional to this value [38] . This simple model reproduced the single-cell aging dynamics and served to drive the generation of several hypotheses about the effects of perturbations to the silencing dynamics that were subsequently experimentally verifiedechemical interventions that caused prolonged silencing or loss of silencing both negatively impacted cell lifespan [38] . This combination of single-cell experiments and mathematical modeling demonstrated that chromatin silencing dynamics within the rDNA are important for controlling the aging process and raised up a conceptually interesting possibility that, in addition to specific genes or molecules per se, the temporal dynamics of molecular events themselves could also play critical roles in determining cellular longevity.
Extrachromosomal rDNA circles (ERCs)
In addition to chromatin silencing dynamics at the rDNA, studies using microfluidic devices are also uncovering new details about the detrimental effects of ERCs that originate from the rDNA region. While ERCs have long been causally linked to aging due to the fact that they accumulate in old mother cells [63, 70] , the exact mechanisms by which they mediated age-related cellular decline remained nebulous. Recently, great strides have been made along these lines in work by Neurohr et al. [71] and Morlot et al. [72] . Neurohr et al. [71] found that ERCs promote cell death through blocking the G1/S phase transition of the cell cycle. To piece together the events that follow rDNA silencing loss [38] and precede cell cycle arrest, Morlot et al. [72] used time-lapse microscopy to show an exponential increase in rDNA copy number, suggesting the formation of ERCs, during the late phases of aging. They further suggested that elevated pre-rRNA levels might be caused by the accumulation of ERCs in old mothers and that they in turn could lead to disruption of nuclear size and integrity [72] . Using parameter values inferred from their experimental data, follow-up mathematical modeling of a stochastic ERC excision process that leads to senescence was able to capture aspects of cell-to-cell variability in lifespan [72] .
It has been shown that DNA circles are retained in mother cells through attachment to nuclear pore complexes by the chromatin regulating Spt-Ada-Gcn5 acetyltransferase (SAGA) complex [73] . Along these lines, another recent study using microfluidics by Rempel et al. [74] has detailed evidence of a buildup of defective nuclear pore complexes in aged mother cells. Findings from Morlot et al. [72] , which suggest a link between ERC formation and a decline in nuclear homeostasis, nicely complement these studies.
Gene expression noise
The biological mechanisms responsible for initiating and regulating gene expression are subject to a number of stochastic effects, termed noise, that give rise to cell-to-cell variability [75e77]. Differences in molecular components between cells and the natural stochasticity of biochemical reactions themselves give rise to two forms of noise referred to as extrinsic and intrinsic noise, respectively [75] . Cells use a variety of means to either combat negative consequences of noise in gene expression or utilize the benefits of it [78e81]. In the context of aging, studies from mice [82, 83] have suggested that noise increases with age in a manner that negatively impacts longevity. However, these studies were not able to follow the specific individual cells as they aged.
To gain insight into the dynamics of gene expression noise within the same cell during aging, Liu et al. [84] monitored single yeast cells growing in a microfluidic device. Quantitative measurements of yellow fluorescent protein (YFP) expression from the GAL1 promoter revealed that, surprisingly, noise decreased throughout much of cellular lifespan ( Fig. 2E ) before dramatically rising during the last four cell divisions [84] . To account for the observed noise reduction the authors utilized a stochastic mathematical model (Fig. 2F ) of transcriptional regulation of P GAL1 -YFP that incorporated chromatin remodeling and increases in cell volume during the cell cycle [84e86]. Although the model returned two ways for noise to decrease during aging, only one of these alternatives matched the experimental findings. This corresponded to the case where transition rates for open and closed chromatin states of the GAL1 promoter both increased during aging [84] . This study, together with the tightly maintained heterochromatin of the HM loci [67] and pulsatile silencing dynamics of the rDNA region [38] , demonstrated that a wide range of chromatin regulation influences gene expression noise and cell-to-cell variability during aging.
The careful single-cell analysis conducted in this study [84] highlights the power of yeast as a model for aging research, where it is possible to track single cells throughout their entire lifespan. By comparison, studies in mice indicated an increase in gene expression noise with age [82, 83] , leading Liu et al. [84] to propose that because of methodological differences, these studies demonstrate increases in extrinsic noise whereas their study demonstrates a decrease in intrinsic noise with age. However, it is also possible that there are simply different noise trends during aging in yeast and animals. In either situation, illuminating the mechanisms behind potential similarities and differences between yeast and multicellular eukaryotes in this area represents a fascinating line of research.
New high-throughput technologies
Using microfluidics and time-lapse microscopy to study yeast replicative aging has the multitude of advantages previously discussed, yet this approach is necessarily limited in scale and scope by the information that can be collected. As such, systems-level questions about the transcriptome or metabolome, for example, are difficult to investigate with microfluidics-coupled microscopy alone. Furthermore, efforts to address such questions using standard approaches with liquid cultures are made prohibitively difficult due to the fact that quantities of old cells become exponentially diluted relative to newborn and younger cells as the population grows. Thus, for omics methods such as RNA-sequencing to be applied on cells of various replicative ages, a method for selectively collecting aged cells from a growing culture is required [49, 50] .
Devices for selective culturing of aging yeast cells
To address the problem of enrichment for aged cells, two methods [87, 88] have recently been developed to specifically culture and capture mother cells at different time points along their lifespans. The procedures for both of these new technologies begin by employing previously published techniques [49, 50] that allow mother cells in liquid culture to be sequestered from their progeny and toward the surface of a magnet. This is accomplished by biotinylating the cell walls of a starter culture and using magnetic streptavidin beads to bind the biotin on the surface of the cells and draw them to the magnetic surface [49, 50] . Daughter cells do not inherit the biotin-coated surface from their mothers and are therefore invisible to the magnetic field [49] . As a result, the magnetic surface will collect only mother cells from the original culture (Fig. 3A) . Utilizing this method, fluidically controlled columns [87] and the miniature-chemostat aging device (MAD) [88] , both of which are equipped with surrounding magnets (Fig. 3B) , have been designed for targeted capture of aged mother cells during cultivation. These devices operate with continuous flow of media and the replicative lifespan of mother cells is closely linked to the length of time the device is operated as a simple consequence of the relatively uniform division time of the cells [87, 88] . Therefore, by taking samples at different time points during operation, mother cells of different replicative ages can be obtained at sufficient quantities for subsequent omics-level investigations ( Fig. 3C and D). Although the mother enrichment program [89] has been a very fruitful tool for large-scale analysis of aging cells, these new devices provide alternate methods that do not require genetic alterations of the cells.
Systems-level insights
These new technologies [87, 88] have already yielded fascinating insights into the changes in cell physiology that occur during replicative aging. Transcriptomics and proteomics conducted on aging cells in fluidic column devices revealed that protein abundance from genes involved in ribosome and protein production gradually increase relative to their respective mRNA levels as cells age [87] . Janssens et al. [87] found that one consequence of these dynamics is an altered stoichiometry in multiprotein complexes such as the vacuolar ATPase, which could be detrimental to cell function. A follow-up study using these columns to conduct metabolomics on aging cells identified an increased shift toward respiratory metabolism as a metabolic signature of aging [90] . To assess epigenetic changes that accompany aging, ATAC-seq was performed on wild-type cells and various longevity mutants during aging in the MAD [88] . Results from this work revealed relatively static chromatin structure in much of the genome throughout the Fig. 3 . New high-throughput technologies for systems-level insights into aging. (A) Mother cells can be labeled on their surface with biotin and magnetic beads, which are not passed to their daughters. This renders mother cells able to be drawn toward magnetic surfaces [49, 50] . (B) Example of MAD layout [88] . (C) Operation of these devices [87, 88] allows RLS values to be highly correlated with time. Removing devices from the magnet allows release of mother cells. (D) Collecting large numbers of mother cells allows omics analysis to be done [87, 88] . (Figure adapted cell's lifespan, with notable exceptions in regions such as those regulating amino acid biosynthesis [88] . Furthermore, the authors identified increases in rDNA copy number during aging, particularly in sir2D mutants [88] .
A potential drawback of these high-throughput approaches is the possibility of masking single-cell heterogeneity during aging. For this reason, an exciting prospect for the field would be to use these technologies along with microfluidics-based single-cell analysis. Such an integrated, multidisciplinary approach would offer powerful ways to investigate replicative aging, in which the systems-level insights could provide information for more targeted microfluidic studies of the regulatory networks of interest in single cells. Reciprocally, findings from microfluidic studies could be expanded to follow up with high-throughput analysis to place new results in a systems-level context.
Conclusion and prospects
Quantitative biology is a rapidly growing field with the potential to transform biological studies to a science with rigorous quantitative and predictive analysis. It integrates experimental technologies, such as microfluidics and advanced time-lapse imaging, with math-based theoretical frameworks, adopted from statistical mechanics and nonlinear dynamics, to address fundamental biological problems. Over the past two decades, quantitative biology approaches have been successfully exploited in the studies of gene expression [91] , signal transduction [92e94], development [95, 96] , cell cycle and growth control [97, 98] , metabolism [29, 99] , and synthetic genetic engineering [100] . These pioneering attempts have highlighted the importance of stochasticity and spatiotemporal dynamics, two emerging concepts that are increasingly appreciated in biology, and have advanced our understanding of biological processes to a remarkable new level that is otherwise impossible with traditional methods.
For studies of aging, although quantitative biology has only been recently introduced to the field, it holds the promise to revolutionize the methodologies for studying aging as well as the ways of analyzing and thinking of the aging process. As the classic microdissection method has already enabled a systematic identification of a large number of genes and pathways that influence longevity [11,12,18,32,101e109] , quantitative biology provides a powerful suite of new tools to elucidate how these genes interact and how these interactions change dynamically to drive the aging process, which will lead to the field's next great leap forward.
As the aforementioned studies demonstrate, microfluidics and time-lapse imaging have started to allow direct measurements of various biological processes in individual cells across their entire lifespans. A major challenge that we are facing now, however, is to use quantitative analytical methods to interpret these newly available single-cell data and to push forward our mechanistic understanding of aging, beyond simple observations and characterization. In the section "Quantitative single-cell analysis" above, we have summarized recent progress in this direction, where computational modeling and quantitative analyses have been implemented to generate insights into the regulatory schemes of aging processes. These models and analyses are important first steps, but, at the same time, remain largely phenomenological. With resources for broader adoption of the methods described herein becoming available [110, 111] and increasing amounts of single-cell dynamical data of age-related molecular processes and pathways becoming generated, the next step would be to develop dynamic mechanistic models to describe, simulate and predict how these molecular factors operate, interact and change over time to, collectively, cause aging of living cells. These efforts will generate new hypotheses to reveal new network-level dynamic properties, ultimately resulting in novel concepts, theories and principles about fundamental mechanisms of aging. As such, we envision that quantitative biology will become a powerhouse for aging research that will catalyze the emergence of conceptual breakthroughs and discoveries in the biology of aging.
